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Coherent pion production

e Neutrino interacts with nucleons

coherently, producing a pion
 No nuclear breakup occurs

Coherence requires:
t=(q-pn)? < 1/R?
where R is the size of the nucleus.

From the Rein-Sehgal model. \/
1) o(CC) = 2 o(NC) WiZ) j [ RS
2) o(A) ~ A1/3_ t
3)o(v)~ao(v) A |7N

Characterized by a small momentum
transfer to the nucleus, forward going T.




Measurements In past

e Measurements for v, v CC and NC modes
® for various nuclear targets

® R&S model agrees with the high energy results.

Assume:
e A3 dependence
e 0(CC coherent)=2*0c(NC coherent)
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Plots from Phys.Lett. B313, 267-275 (1993)

Experiments | CC/NC v/v E (GeV) Ti?ft
Aachen-Padova | NC vV 2 Al
’ <27>
— Freon
Gargamelle NC v,V 2 <30>
— Glass
CHARM NC v,V 20-30 <20 7>
— Glass
CHARM I CC v,V 20-30 <20.7%
BEBC cC v 5-100 Ne/Hz
<20>
— Freon
SKAT CC, NC v,V 3-20 <30>
_ _ Ne/H2
FNAL 15-ft NC v 2-100 <205
FNAL 15-ft - _ Ne/H:2
£632 CcC v,V 10-100 <505




Recent results
at low energy (~1GeV)

v CC coherent *
K2K-SciBar: phys. Rev Lett. 95 252301 (2005)
® <Ev>=1.3 GeV
® Target: Scintillator (CH)
® Tracking detector

® Experimental signature:

® Two MIP-like (u+1T) tracks

® By looking at recolil proton (vertex
activity) isolate coh-tr

o T Coherent © (MC)

I
Resonant n (MC)

(recoil proton)

v NC coherent 1
MiniBooNE: Phys. Lett. B664, 41 (2008)

<Ev>=1.1GeV
Target: Mineral oil (CH2)
Cherenkov detector
Experimental signature:
Two e-like ring (0—yy) events
With pion in forward direction




Recent results
at low energy (~1GeV)

v CC coherent r*

K2K-SciBar: phys. Rev Lett. 95 252301 (2005)

—
N
o

® Data
_L [ ] CCcoherentr

B CC 1w, DIS, NC

Bl CCQE
_._ L P R I ]

0 0.2 04 06 08 1 1.2
q2,. (GeV/c)?

N
o

Entries / 0.05(GeV/c)?
o S

Cross section ratio:

o(CC coh-m)/ o (CC)

= (0.04 +0.29 (stat.) "> (sys.)) x 102

No evidence of CC coherent 1T prod.

v NC coherent 1
MiniBooNE: Phys. Lett. B664, 41 (2008)

Z Eo
5 1400 r )
1200 B .
=" T 19.5% Coherent
1000 +++ Fit C.L. =7.14%
800
600 [ Resonant
400
Background
200
O 1 1 S i ‘:':*ﬂ'-b“"m
0 0.2 0.4 0.6
GeV
E _(1-cos 6) d

Coherent fraction in NC-1x0:

Ncoh/(Ncoh + Nres)

=(19.5 £ 1.1 (stat.) £ 2.5 (sys.))%

Clear evidence of NC coherent 11 prod.



More NC-11° from MiniBooNE

C.E. Anderson at NulntO9

Coherent Production Models

@ Models for NC coherent 7"
production demonstrate wide
variabilities in their predictions

@ Forward angular distribution
(particularly for antineutrino
mode) is very sensitive to
predictions

@ MiniBooNE uses the
Rein—Sehgal? prediction scaled
by 0.65 by default in MC; also
incorporated predictions from
Hernandez, et al’, and
Alvarez-Ruso, et al¢

“Nucl. Phys. B223, 29, (1983)
barxi'.':0903.5285v1; thanks to Juan Nieves for
predictions

CPhysA Rev. C 76, 068501 (2007); thanks to Luis
Alvarez-Ruso for predictions

BuuoNE pat C.E. Anderson

Events/1/1E20 POT

[ 0.65xRein-Sehgal

4500l Hemandez, et al '\/ ]
8 L Alvarez-Ruso, et al +_ |
5 [ No Coherent I |
= 1000} }
2 [
§ - —t—
w500 i ;#—l

y Mode NC 7° Box Rate, Coherent Models

[ Data —_— _+_

7000 ¢ 65xRein-Sehgal
Hernandez, et al +

6000t

r  Alvarez-Ruso, et al —
50005 No Coherent N

E e [
4000 N ]

E ——
3000 . ;

L —_—

Reconstructed cosé,

v Mode NC 7{0 Box Rate, Coherent Models

Reconstructed cosé,»

NC 17Y Production

NOTE: MC distributions
are absolutely normalized

04 05 06 07 08 09

New NC-11° results for
both v and v beam
modes.

Demonstrated
comparison between
data and models

v and v data suggest:

® Forward angular
distribution is sensitive
to model predictions



CC coh-1T results from SciBooNE

MRD stopped sample MRD penetrated sample
<Ev>=1.1 GeV <Ev>= 2.2 GeV

-=
(=)
"

® DATA
[:J CC coherent &t

CC resonant ©

Entries / 0.025 (GeV/c)?
N
o

Entries / 0.025 (GeV/c)®
W
o

-
o
1

% 0.1 0.2 0.3 0.4 0.5 % ) ) : ) :
Q? (GeV/c)? Q?(GeV/c)®

o (CC coherentn )/o0(CC) o (CC coherentn )/o(CC)
= (0.16 = 0.17(stat )*,5, (sys ))x107* | = (0.68 = 0.32( stat ). (sys))x107"




Upper limit on cross section

=100
2 g0l :
S F Rein-Sehgal T
S 80F-  w/ lepton mass correction Mzisurid “pper"mgé(’”
8 70 (Our default model) G{CCiconerentin)/ole)
5 S e ratios are converted to
T S S N st upper limits on absolute
S 50—\ e cross sections by using
Upper limit: 2 w0 o(CC) predicted by MC
g F g SciBooNE 90% C.L. simulation.
33% of the __ % 305 T
AR el Alvarez-Ruso e1: al.
prediction “E
0 o/ s T “Kartavtsev|et al.
0: apen ..4----1----l-"'1""'1""'1“".1-““1“ (AT ST KT SR S N S R
0 0.5 1 1.5 2 2.5 3
E,(GeV)

New coherent m models:

.Singh et al., Phys Rev. Lett. 96:241801 (2006).
-P:s?chgse';nd Kgftav?;/ev,ePhys. Rev D74§:O54(307 Recently proposed CC COherent TT

(2006). . I
- Alvarez-Ruso et al., Phys. Rev C75:05501 (2007). mOdels pr:edICt prOdUCt|On Of CC (?Oherent
-Nakamura et al. arXiv:0901.2366 T events JUSt below our upper ||m|t.

-Hernandez et al. Phys. ReV D76, 033005 (2007),
D79, 013002 (2009)

since v data is expected to be more sensitive
to look at CC coherent 1 production than v data. .



Search for v CC coherent
at SciBooNE

Used the same selection criteria as v coherent «
(NOTE: no syst. error included, no MC tuning yet)

coherent-m f +: data
90 80 v CC coherent «t
_ 70 — v CC coherent =t
oK | v Coherent-w sampleg v Coherent & counter PATaRET
60 (n+1 W/o activity) sample_ .
i 50 (u+T1T W/ activity) B2 v GG other
40 -|~ N 40 N % v CC resonant =
A\ A\ N
30 e\'\('(\\(\ 30 e\‘\((\\(\ v CC QE
'3 '3
20 —|—| ) B i v NC
L A 10 BG (EC/MRD events)
OO 0.05 0.1 0.150.2 0.25 0.30.35 0.4 0.45 0.5 00 01 02 03 04 05 06 0.7 08 09 1
Qrec? (GeV/C)2 Qrec? (GeV/c)Z

v coherent T sample also show data deficit at low Q2 region.
But data suggest non-zero CC coherent 1 component.




coherent-m

90

70
60
50
40
30
20

1052

0

Search fo
at

+

(—
v Coherent-r sample
(u+1T W/0 activity)
‘ ‘\(\a(\J
pret
0 0.05 0.1 0.150.2 0.25 0.30.35 0.4 0.45 0.5
Qrec? (GGV/C)2

r v CC coherent
SciBooNE

Preliminary & stat. error only
Define signal region: Q2<0.1 (GeV/c)?

- 139 events observed
- 80 non-coherent 1 events (BG)

| )

NEUT (R&S) prediction: 151 (v:130 v:21)

= Upper limit of v results 33% of the

: prediction: 50 (v+v) )

40 level “data excess’.

And consistent with v CC coh-11 upper limit
within stat error.
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v CC coherent m sample in 8+ vs 6,

0. Data 0. MC (no Coh n) w
(deq) )
70 EEB- L v beam
50 . Q. directior
30 : Tt
10 )
10 30 50 70 ° 10 30 50 70 °
w W
(deg) (Ceg)
0. [Data-MC(no coh)] / stat. err
(deg) B 3

50 7_o @M(deg)
Data excess’” In

small 6z && small 6w
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v CC coherent m sample in 8+ vs 6,

0. Data 0. MC (no Coh n) w
(deg) tdeg) .
0 =270 Pt AL v, beam
50 s 50 . Q. directior
30 " 30 Z 7T
10 10 )
10 30 50 70 ° 10 30 50 70 °

(deg)
0. [Data-MC(no coh)] / stat. err

O >35° w

Ot <35°

50 70 0, (deg)

“Data excess” In
small 6t && small Bu
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3
2
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1
1

v CC coherent 1T

v cOh-TT, O < 39° Preliminary & stat. error only

5E

5E

0F
5E
oE

Q> (GeV/cy

rec.

4

35
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25

20

15

10

0

5 I: : II. 262008 I

v coh-T1, Ot > 35°

—
(DFGCZ

1 _

0 0.05 1 015 02 025 03 035 04 045 05
Q% (GeV/c)?

rec.

Signal region: Q2<0.1
- 87 events observed
- 31 non-coherent 1 events (BG)

Signal region: Q2<0.1
- 52 events observed
- 49 non-coherent 1T events (BG)
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Om distribution

v CC coherent 1r

o

0

Entri9§

A

Entries
8

- DATA
E3 v cecenerentx
B « cc meonant=
T 86

8 (degrees)

e Similar enhancement in v data

=» Pions from CC coh-11 production tend to be
produced more forward than prediction.

On < 35 deg

—+ oata

D v CC coherent x
v CC resonant x
oo

Ad (degrees)

On > 35 deg

Entries

20—

" Ad

0

—+ oata
D v CC coherent x
g v CC resonant x

100
Ad (degrees)

K. Hirailde at Nulnt09
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NC-11° from SciBooNE

Reconstructed invariant
mass in 2y system

E::E ?‘0\\({\\(@“ B NC-T10 (resonant+coherent)
F B Other

100F + Dirt event

oo Cosnjic ray

0
0 30 100 130 200 250 300 330 400 450 300
tMass (MeVWic2)

4 )
o(NC-11%) _ +0.76 5
5(CC) 7.5 £ 0.6(stat.) 0.90 (sys.) x 10
g Y,

cf. MC prediction: Gg\zgg)o) = 6.8 x 102




NC-11° from SciBooNE

Reconstructed invariant
mass in 2y system

S ool “\zr\‘l ,5"3‘““_‘—. NC-1° (primary, res+coh)
“zqu ?‘e\\((\\ I NC-110 (resonant+coherent) E _ . NC-11° (secondary)
120,:_ | I Other 23[]_— lNC other
100 + Dirt event - Becanpo
sof Cosniic ray 6o oo + J(
. i Dirt
40:_ Zosmic

ﬁl‘J 20 100 150 200 250 300 330 400 450 300
tMass (MeVWic2)

( \ Lo | |

o(NC-1%) _ +0.76 5 % 080
5(CC) 7.5 £0.6(stat.) ', (Sys.)x 10

- _J

Y T Y YT Y Y |||||||||||||||i
6-04-02 -0 02 04 06 08 1

CcOSOTT

cf. MC prediction: c(cl\:gg)o) = 6.8 x 102




NC-11° from SciBooNE

Reconstructed invariant

mass in 2y system SciBar  EC MRD
;%eml:— OO
g ?‘0\\6\\(\ B NC-110 (resonant+coherent)
ek B Other
100 + Dirt event .
aof Cosmic ray
: V | il
. |
aaenacanl NN
0 50 100 150 200 250 300 35:;:33:5:1:;]0 | \*i
f p y—rete-
o(NC-11%) _ +0.76 5
o(CC) 7.5+ 0.6(stat.) —0.90 (sys.) x 10 ® : SciBar hit, area~energy deposit
- / : .
SciBar has a capability to
T e _ distinguish NC resonant-1r0
cf. MC prediction: =6.8x 10 and coherent-Tr0 event-by-

o(CC)

event.
16



Future prospect

o (NuMI at Fermilab) has an excellent
capability for CC and NC coherent 1T productions

® \Wide energy range: Ev ~2-20 GeV
® Several nuclear targets: He, C (and CH), Fe, Pb

® Data taking starts soon.

® Have been running with the full Tracking Prototype in

the v beam since mid April 2009!
A-dependence of CC coh-TT

CC Coherent Pion Production Cross Section

a
[=]
o

« MINERVA 3225 [
. FNAL (CC), Alderholz, Phys. Rev. Lett. 63, 2349 (1989) & '
v Aachen (NC), Faissner, Phys. Lett. 125B, 230 (1983) §
| & GOM (NC), Isiksal, Phys. Rev. Lett. 52, 1096 (1984) 8
400 - o SKAT (CC), Grabosch, Z. Phys. C31, 203 (1986) %
L a SKAT (NC), Grabosch, Z. Phys. C31, 203 (1986)

» BEBC (CC), Marage, 7. Phys. C43, 523 (1989)

+ CHARM (CC), Bergsma, Phys. Lett. 1578, 469 (1985) C
. CHARM 1| (CC), Vilain, Phys. Lett. 313B, 267 (1993) s [

300 ~

c (10*° cM?)/'?C NUCLEUS

o(v,+ A —> uw +7n" +A)

Expected MINERVA
’ statistics

Plots from 100 | \lﬁ])ﬁ Aol A-range of current
MINERVA i y+ cTe measurements

0 1
roposa I 0 25 5 75 10 125 15 175 20 0 P 75 ot o
p p E, (GEV) .



Summary

Several measurements on coherent pion production.

® v v, CCandNC modes

Recent results on CC/NC coherent 11 at low energy,
~1GeV.

® Although good agreement between high energy results and
R&S model, not so for low energy results.

A variety of models has been proposed.
New experimental results will be published shortly.

Experimental & theoretical studies are in progress.

18
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CC-1mr* at MiniBooNE

J. Nowak at Nulnht09

* The new model of charged

5000 - : _ :
£ POT normalized Current pion production
4500— —%——  MiniBooNE (stat+syst) .
T T O best fit M, =1.17 GeV Improved agreement with data
;E 4000 E_' { ———— best fit M, =1.15 GeV and coh = 0.04
= 3500} 1_:l | esseseea best fit M, =1.37 GeV and C" (0)=0.97 : i A
S s000tl| [ i Rein-Sehgal, M, 1.1 GeV | » We performed fits tor three
— N L. '
S = 3k
& 2500 - '-lg 1 Best fit values obtained for the new model IllOClelS
§ E | . ?f i with BRS (muon mass), new G, and C.*
~ 20005 i i
£ " [l
2 1500 PRELIMINARY i _ :
* 1000 1. The fit result for MAl g
500/ for Q2>0.2GeV?
ozllxlllllllllllllllllllllllllllllll LA - i
0 01 02 03 04 05 06 07 08 09 1

5 5 M, '17=1.17+0.13 GeV.
reconstructed Q° (GeV")

2a. Coherent contribution and M\ !” 2b. M,!'™ and C;4(0)

MA1”=1.15 GeV Maln=1'37 GeV

Coherent<0.04 C-24(0)=0.97

5

J. Nowak - Nulnt09



SciBooNE efficienc

22

CC coherent pi efficiency
vs Pm, O, and Oun

Pion momentum Pion angle Opening angle

I Generated in FV
1000 800

400
Generated in FV

Generated in FV

400

500 200

200

L e
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K. Hiraide at Nulnt09
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Ev, Q2 reconstruction

SciBooNE 1-trk sample
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Q2 resolution for
CC coherent 11

100 —

e o e s —
Da 0.2 0 0.2 04
Q%(rec)-Q%(true) (GeV/ic)®

Q2 resolution of CC-coherent ttevents

Mean: -0.024 (GeV/c)?
Sigma: 0.016 (GeV/c)?
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v Coherent pion production

Several measurements in past (‘80-'90).

Measurements are at high energy region.

Rein-Sehgal model well describes the
data.
High energy results and the model H

suggest: cross sections of coherent 1
prod. for

100

X 1038 cm?
500 [T T T T T } | L L B T T T IT =
:.. ............. @ CHARM Il s experment) —_-:
C % Aachen - Padua [1] + Gargamelle [2] ]
- . m CHARM [3] A SKAT (GC) [4]
:+ : & SKAT(NC[4] 'y BEBC é?] ]
mi S N N P O l 11 ° FNA} [?] [ qFNALL oL |4
20 60 80
40  EyGev

EV (GeV)

I T T T T T T [ T T T T T T T 1T

T

0 CHARM II {this experimen )
x Aachen - Padua [1] 4 Gargamelle |2)

m CHARM [3]
: + 4 BEBC {5] 3?52[ soe
.............................
20 60 8
40 w&eew  Ev (GeV

Plots from Phys.Lett. B313, 267-275 (1993)

o(vCC-coh) ~ a(v CC-coh)
Solid line: Rein-Sehgal model
4 ™
. o(v CC) > o(v CC) )
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Reconstructing 10

Y. Kurimoto
Reconstructed 110 vertex position Reconstructed invariant mass
=) for 2y system
£ o SciBar | i
R e .
7 (6\\ ditector.gia::pm Eqn - ‘\(\a(\l .NCpiD
o Dirt th =L o™ Bic 2nd pin
:: events L8 ‘HC nther
j: \ 100 - .CC any pic
0306 2150" *#0;414—'246...0....50....106...150 200 250 E CC other
Bﬂ:_ Dirt
- I  Cosmi
ex. Dirt event %0 S
SciBar a0l
201
i\\\f\?-‘:: 0||+|1+||r.r11t| Wil : R
5 50 100 150 200 250 300 350 400 450 500
110 vertex MeVic2

MC: ~60% NC110 purity
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v contamination in v beam mode

\_

50001

3000
2000

1000~

SciBooNE

4000|-

™

v (right si

L
l{ v (wrong

. ~90% V purity
“He Yl (Y CC-QE: 80%)

inMRD | «f

stopped sample

gn)

sign)

N

400?— % --.::: . a(

@ v CCQE

@ v CC resonant
@ v CC coherent «t
@ v CC other

/ 3005— R : . 32 ?(

200

100~

 Ev{e&Y)
1-track w/o activity sample

it

\N roﬂg

2-trax

91 v CC-QE

=g
_ g—

ack (H+p) event
~90% Vv purity
(FV CC-QE: 75%)

180

LR SO0 R R R I e
ooooooooooooooooooooooo

" Ev{Gev)

2-track QE-like samplg



o/E (10°% cnm? GeV)

Neutrino cross section
(NEUT prediction)

0.5

Carbon target

Total (CC + NC)

CC total

DIS
(include CC-multi )
CC-resonant

1 2 3 4 5
| I E, (GeV)
....................... >

MINOS, MINERVA, NuMI

K2K, NOVA

MiniBooNE, T2K, SciBooNE

<

Super-K atmospheric v

QE

e Llewellyn Smith, Smith-Moniz

e M,=1.2GeV/c?

e Pc=217MeV/c, Eg=27MeV
(for Carbon)

Resonant 1

* Rein-Sehgal (2007)

e My=1.2 GeV/c?

Coherent

 Rein-Sehgal (2006)

e M,=1.0 GeV/c?

DIS

e GRV98 PDF
 Bodek-Yang correction

Intra-nucleus interactions

27



Normalization for MC sample
at SciBooNE

» Use “fractional” normalization for MC sample,
which is defined by CC event selection.

* For example...

Data MC

CC selection Define _normalization:
(SciBar-MRD matching) 30,337 30,337 Start with the same #

# of track 5.939 5308 of events

(2-track selection)

PID
(u+1T selection) 2,295 2,388
Vertex activity 425 66

(isolate coh-)

28



NC-1x° meas. by K2K-1KT

e 1KT detector: K2K near detector 600?— L
e 1,000 ton water Cherenkov 2 500} o
2 E ¢
e Neutrino energy: 1.3 GeV 5
8 300 | .
E + =
® Z 200 .
Physics Letters B619, 255 (2005) 100! |
05562500 350 200 B0 500
M (MeV/c?)
e NC-1x° purity (in 1x® sample): 71% —1500
e Resonance: 52% 000
e (Coherent: 10% 0
e Final state interaction: 7% % 800 |
° £ 600 |
e NEUT prediction: 6.5% Eg 400 |
e (Good agreement with expectations 200
e Momentum distribution disagrees ) I i
0 200 400 600 800
n° momentum (MeV/c)




NC-1a° meas. at MiniBooNE

o
o
o
o S/N~30
®
o
fraction.
o
prediction.
o

MiniBooNE detector at FNAL
800 ton mineral oil (CH2) Cherenkov

Neutrino energy: 0.7GeV (peak)

Phys. Lett. B664, 41 (2008)

Coherent fraction in NC-1x?;

Model predicted (Rein-Sehgal) 30%

1.5 times lower than default

Higher production rate wrt predictions

at low ° momentum.
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Comparison

Other measurements at
higher neutrino energy
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e A?3 dependence
e O(CC coherent)=2*0(NC coherent)

31



